We compiled published and newly-obtained data on the directly-measured atmospheric 23 deposition of total phosphorus (TP), filtered total phosphorus (FTP) Oceania, and South-Central America. The deposition rates are log-normally distributed, 28 and for the whole data set the geometric mean deposition rates are 0.027, 0.019 and 29 0.14 g m -2 a -1 for TP, FTP and PO 4 -P respectively. At smaller scales there is little 30 systematic spatial variation, except for high deposition rates at some sites in Germany, 31 likely due to local agricultural sources. In cases for which PO 4 -P was determined as well 32 as one of the other forms of P, strong parallels between logarithmic values were found. 33
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Introduction
50
The supply of phosphorus (P), a principal macronutrient, to ecosystems is a major factor 51 governing productivity, especially in long-term ecosystem development.
1,2
The major 52 non-anthropogenic source of P to terrestrial and freshwater ecosystems is mineral 53
weathering, but there may be cases where P deposition is significant or even dominant. 2 
54
According to the literature 2-6 , the main components of P emitted to the atmosphere, and 55 thence subsequently deposited, are dust from soils and deserts, marine aerosols, primary 56 biological aerosol particles (microorganisms, dispersal units, fragments and excretions), 57 ash from volcanoes, biomass burning, the combustion of oil and coal, and emissions from 58 phosphate manufacture. Since small but sustained P input fluxes partially determine 59 whether plant productivity is ultimately limited by P or nitrogen (N) 7 , estimation of P 60 deposition is important for understanding and modelling the dynamics of natural and 61 semi-natural ecosystems. 
78
(again assuming zero deposition to high-latitude areas). This simulated rate is only 79 about one-quarter of the values from direct measurement, and so there appears to be 80 disagreement about atmospheric transfers, and the likely inputs of P to terrestrial and 81 freshwater ecosystems. Mahowald et al. 5 suggested that the discrepancy might be 82 explained by emission and deposition involving relatively large (> 10µm) particles not 83 considered in their simulations. 84
Thus, a key issue is the scale of atmospheric transport. For example, from a study of 85 atmospheric P inputs to Tutuila Island (Samoa), Graham and Duce 9 estimated that only 86
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about 20% of the directly measured deposition was actually a net depositional input, the 87 remainder being recycled material of local biological origin. Such a distinction between 88 external and local inputs makes sense in an island system, but is less obvious for larger 89 land masses, with adjacent terrestrial ecosystems, or lakes, where short-distance 90 movements of larger material might transfer P between neighbouring ecosystems 91 differing in nutrient status. 2 
92
In the present study we attempted to improve the quantification of different forms of 93 direct P deposition, and search for explanatory driving variables, spatial, temporal, 94 meteorological etc. Our principal effort was to make a more comprehensive collation of 95 published data on P deposition (we found data for 147 sites) and combine them with 96 unpublished data (97 sites) from monitoring programmes for the UK and Germany. We 97 also reviewed results about P sources and forms. We aimed to resolve the global P 98 budget, and to use the results to consider how P deposition might affect the nutrient 99 status of different terrestrial and freshwater ecosystems. 
Methods
Collation of literature data 103
We searched for papers specifically mentioning deposition measurements in their titles 104 and abstracts, and those reporting studies designed to measure terrestrial or freshwater 105 ecosystem P budgets. We also used data compilations made by previous authors (see 106 Introduction). Only annual values of total (unfiltered and filtered) or inorganic P were 107 accepted. By filtering here we mean filter paper or sub-micron filters, not the coarse 108 ones used for the exclusion of wind-blown twigs, leaves, pollen, insects etc. We refer to 109 these three forms as TP, FTP and PO 4 -P in the subsequent text. We did not collect 110 separate wet and dry deposition data, since these are quite sparse. If both wet and dry 111 deposition were reported they were summed to obtain TP. 112
Only open-field sites were considered. Fluxes of P in forest throughfall are nearly always 113 found to be greater than nearby open-field values [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , which could be due to the 114 scavenging effect of trees 2, 25, 26 , causing an effectively greater P deposition rate in forests, 115 or to recycling of P within the forest. Because the scavenging effect is neither widely 116 demonstrated nor generally quantified, we did not attempt to include it in our analysis of 117 the data. 118
In published work, contamination has usually been considered, and data removed when 119 samples have high concentrations of P and other elements indicative of bird strike (i.e. N 120 and K). Some authors have taken additional steps to minimise contamination, and 121 devoted considerable effort to quantifying it. Perhaps the most comprehensive studies 122 have been those investigating wet P deposition in Florida. Pollman et al. 27 went to 123 considerable lengths to obtain data for wet P deposition in Florida, and reported that a 124 flux over the years 1992 to 1996 (0.0075 g m-2 a-1) was 32% lower than a previous 125 study of deposition in 1978-79. reported results to be overestimates of the deposition of P that has been transported by 138 atmospheric processes. Overestimation of overall P deposition may also be caused if 139 results are not reported in cases where deposition is too low to be measured. We found 140 one paper that reported P concentrations to be below the detection limit 32 , but that 141 detection limit was not given. Newman 2 drew attention to possible losses of P to 142 container walls, which would produce underestimation, therefore errors might not all be 143 in the same direction. 144
We could not find an objective system to discriminate amongst reported data, and so did 145 not apply any additional criteria to the reported data. Therefore our results represent a 146 combined evaluation, with inevitable uncertainty, and without consistency among sites. 147
For example, variability in the data could arise from differences in collector type and 148 preparation, the frequency of sample collection (and possible exchange processes in the 149 collection bottles), sample storage, the period between collection and analysis, and the 150 contribution of snow to the samples 33 . 151
Additional measurements made in the present work 152
Results for open-field sites in Germany were obtained using precipitation collectors, 153 which were deployed as described in the International Cooperative Programme (ICP) 154
Forests manual. 34 The collectors in the field contain a pre-filter mesh size 1000 µm. The 155 data for PO 4 -P were obtained on filtered samples by different laboratories using either 156 molybdenum blue colorimetric analysis or anion chromatography with suppression. 157
Contaminated samples were identified according to the checks proposed in the ICP 158 Forests manual, which employ an ion charge balance check, and recognition of high 159 concentrations of P, K, NH 4 Phosphorus-phosphate data for each site were sorted by the size of the weekly flux and 183 clear breaks in the cumulative sum curve were used to identify residual extreme outliers. 184
On average a further five additional samples per site were consequently removed using 185 this approach. Total annual N and P fluxes were consequently adjusted upwards by 186 multiplying the sum of weekly fluxes available for a given year by 52/n, where n = the 187 number of weeks in the year for which flux data were available, on the assumption that P 188 and N deposition fluxes for weeks when data were absent (as a result of excluded 189 samples or sample volumes were too low to allow analysis) equated to the average 190 weekly deposition for that year. 
Results and Discussion
209
The full data set of annual direct measurements is compiled in Table S1 , including 210 references, and the results are summarised in Table 1 North America, which between them account for 82% of the collector locations. It can 216 also be noted that nearly all measurements refer to natural or semi-natural locations, 217 mostly having been taken in studies aimed at understanding P inputs to ecosystems that 218 might respond to P deposition. Thus they are probably biased and so extrapolation of 219 the results to all land areas (see below) can only be regarded as an approximation. For 220 example, there do not appear to be any measurements at places close to major dust 221 sources such as the Sahara desert, the single largest source of dust to the atmosphere deposition rates increase in the expected order PO 4 -P < FTP < TP. This sequence also 231 applies to the relatively large data sets for Europe and North America, but for the other 232 continental regions the data are too sparse to be generalised (Table 1 ). The overall 233 geometric mean deposition rate of TP of 0.027 g m -2 a -1 is nearly identical to the average 234 value that corresponds to the Graham and Duce 3 budget values (see Introduction). 235
Forms of P in deposition 236
Taking all the data together, the geometric mean FTP value is 73% of the TP, although 237 there are only five instances of both the variables being determined at the same site. 238
For PO 4 -P a more detailed examination is possible because paired data are available for 239 some sites (24 for TP, 21 for FTP), and strong positive relationships are evident (Figure  240 3). On average, 40% of TP is analysed as PO 4 -P, and 59% of FTP. At the highest values 241 of TP, the fraction that is PO 4 -P is relatively low, but this applies only to a few points. 242
Although most of the locations for comparison are in Europe (31 of the 45), the data are 243 reasonably well globally-distributed, implying that the relationships may be general. 244 47 estimated that 20-40% of P deposition to the Baltic Sea is organic, and 261
Hendry et al. 28 found that 50% of P deposition was organic at a site in Costa Rica. 262
Variations with site location, time, rainfall, temperature and season 263
Considering the continental regions in Table 1 , there is not much variability, and the 264 numbers of locations are too few to attempt to draw reliable conclusions about spatial 265 variations. The high average values of TP and PO 4 -P for Africa arise principally from the 266 data for three sites around Lake Victoria with major local influences 48 , and so do not 267 reflect the influence of the Sahara desert. 268
Results from the two data-rich regions, Europe and N America, were examined for 269 systematic spatial variation. We combined data for the three types of deposition TP, FTP, 270 PO4, by normalising them to the geometric means. This can be justified given the strong 271 relationships of Figure 3 , and the advantage is that we have more data points, and all 272 can be used for the analysis. We tested for spatial variation by kriging ( Figure S1 ), 273 which revealed sites in North Rhine-Westphalia and Saxony-Anhalt with high deposition 274 rates, possibly due to local agricultural emissions from livestock farming 49 . There was 275 also some evidence of generally higher deposition rates in central-northern England. A 276 cluster of five locations in the mid-eastern USA had high deposition rates, but the low 277 spatial coverage means that this cannot be considered significant. It and the results gave a relative standard deviation (RSD) of 75%, which is not much less 281 than the RSD for North America as a whole (Table 1) . 282
For some sites there are data covering up to 19 years. We performed regression 283 analyses of TP and PO 4 -P data for locations with 10 or more years' data, but found only 284 six cases (of 65) with significant trends (Table S2) , three of which were increases and 285 three decreases. We conclude that there is no systematic evidence of change in P 286 deposition rates over the available time periods. The annual loads vary about as much 287 between years at a single site as do average deposition rates at different sites, which 288 may go some way to explain why neither spatial nor temporal trends are apparent. 289
We examined trends with mean annual precipitation and temperature (MAP and MAT) 290 using normalised data ( Figure S2) , which was thought to be due to greater 304 dust during the dry season, and more local burning of vegetation. 305
Global deposition budget 306
Given the lack of evidence for continental-scale variation in deposition, and the sparse 307 data for Africa, Asia, Oceania and SC America, it is not justified to assign a 308 representative deposition rate to each continental region. Using the geometric mean 309 global directly-measured value of 0.027 g m -2 a -1 ( of larger biological material is consistent with the seasonality in deposition rates and the 327 substantial organic P in deposition, both mentioned above. The importance of local 328 emission and deposition was highlighted by Newman 2 and Hendry et al.
28
Another 329 possible factor is the higher P content of dust derived from intensively farmed, especially 330 arable, soil, fertilised with P.
This dust might contribute to directly-measured P 331 deposition particularly in Europe and North America, and its P content may be greater 332 than the single value of 720 mg kg -1 assumed by Mahowald et al. 5 in their global 333 simulations, given that some intensively managed and fertilised soils have P contents of 334 1000 mg kg -1 or more [64] [65] [66] . Moreover the fraction of soil lost as dust is the smaller sized 335 material, which is likely to be enriched relative to the bulk soil. 67 
336
Therefore, within the annual global budget of atmospheric P the majority undergoes 337 short-distance transfers, while the finer material, simulated by Mahowald et al. 5 , and 338 most relevant for long-distance transfers, especially to the oceans, is dispersed over 339 large distances. Given that the main difference between our larger input estimate and 340 the fine material of Mahowald et al. 5 , is biologically produced, their values for 341 anthropogenic inputs are unaffected. Therefore their estimate that 4.8% of the 1.39 Tg 342 a -1 is anthropogenic converts to about 2% of the input of P estimated here. However, 343 they do not include inputs to the atmosphere associated with the extraction and 344 processing activities involved in fertiliser productions, nor the subsequent dispersal of 345 applied fertiliser, which may be especially significant for natural and semi-natural 346 ecosystems near to intensive agricultural areas, and deserves attention. 347
The importance of P deposition in different ecosystems 348
Over the past 150 years, anthropogenic enrichment of ecosystems with nitrogen has 349 occurred through fertiliser manufacture and application, and fossil fuel burning, and a 350 substantial increase in N deposition. 68 In contrast, of the P circulating in the atmosphere, 351 only a small proportion is from anthropogenic inputs (see above). Thus, the significance 352
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of P as a nutrient source to ecosystems is more to do with transfers amongst 353 ecosystems, the overall process being a kind of pseudo-diffusion, causing a net flux of P 354 from P-rich to P-poor locations. In other words, P tends to be lost from some places and 355 gained by others, and the net change is the key issue. As discussed above, P in larger, 356 heavier particles can only move over short distances, whereas fine dust can travel 357 thousands of kilometres. Whether or not a given ecosystem experiences a net gain of 358 atmospherically-deposited P depends upon its own store of P, the proximity and pools of 359 P in ecosystems that might supply new P, and its own emissions of P to the atmosphere. 360
Perhaps surprisingly, few, if any, determinations of ecosystem budgets include the last 361 term. 362
Globally, ecosystems initially acquire P by the chemical and physical weathering of 363 mineral matter, and atmospheric transport contributes to its ultimate transfer to the 364 ocean and burial in sediments. At the first intermediate scale, P in fine dust can be 365 moved across or between continents.
Then at sub-continental scales, P is 366 atmospherically transported and deposited between different ecosystems over much 367 shorter distances. Ultimately, atmospheric transfers occur within a single ecosystem, so 368 there is no net gain or loss, although recycling is occurring; the return of P in litter to 369 forest floor is typically in the range 0.2 to 0.5 g m -2 a Canada, Scandinavia and Russia, might rely on long-distance dust deposition to supply 387 phosphorus. We did not find any reported measurements of P deposition at such remote 388 peatland sites, and this therefore seems to be a major gap in knowledge, especially 389 insect migration. These processes operate similarly to deposition in that their effect 412 depends upon the net movement of P between ecosystems, and they would fall mainly 413 into the short-range category of P transfer. They are generally more difficult to quantify 414 than P deposition, except for example in substantial transfers of nutrients from sea to 415 land.
95,96
The results of Portnoy 92 give an annual loading by gull defecation to a 416 freshwater pond in Massachusetts of 0.12 g m -2 a -1 , more than four times the overall 417 geometric mean TP deposition value (Table 1) . Longer-range transport of P and other 418 nutrients by migratory fish can also be significant. and is lost by leaching, erosion, and emission to the atmosphere as PBAP and dust. Area 442 B receives P only from atmospherically transported P from area A, and loses P by 443 leaching, erosion, and emission to the atmosphere, all emissions being transported back 444 to area A. We characterised combined leaching and erosion losses of P, and emissions to 445 the atmosphere, with first-order constants, i.e. the losses are proportional to the P pools. 446
The model was parameterised by adjusting the weathering rate and the first-order 447 constants (assumed equal for simplicity), so that the P pool in Area A was 50 g m -2 448 (representative of semi-natural topsoils in the UK; unpublished observations) and the 449 average atmospheric emission/deposition rate was 0.027 g m -2 a -1 (i.e. the global 450 average value from Table 1 ). The model outputs show that the steady state condition is 451 reached in about 5000 years (Figure 4) . By this time the Area B P pool is about 40% of 452 the Area A pool, due only to atmospheric deposition, while the Area A P pool is about 453 70% of that expected in the absence of atmospheric losses (and returns from Area B). 454
The results suggest that atmospheric transport can redistribute P over timescales which 455 are relatively short compared to ecosystem development. This is of course a highly 456 simplified picture, with over-constrained atmospheric transport, and neglect of the 457 variable distribution of P within the soil profile which will affect leaching and erosion. 458
Nonetheless, the basic premise is reasonable, and could be elaborated to take 459 atmospheric P transport into account in simulations of long-term, large-scale nutrient 460 behaviour and effects. Results from a simple model suggest that local transfers effectively 486 redistribute P over the terrestrial landscape. 487 Table S1 Global phosphorus deposition database 510 Table S2 Temporal variations of P deposition at different locations 511
Figure S1
Variation of normalised P deposition with latitude and longitude in North 512
America and Europe 513
Figure S2
Dependence of log (normalised P deposition) on mean annual precipitation 514 and temperature (MAP, MAT) 515 516 
